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ABSTRACT 
Polysaccharides from medicinal plants, such as Ganoderma Lucidum, have attracted 
worldwide interest because of their antitumor and immunomodulatory activities. 
Characterization of structure, molecular weight (MW) and molecular weight 
distribution (MWD) has always been one of the challenging tasks in analytical 
chemistry. This project aims to develop mass spectrometry based methods for MW 
and MWD characterization of water-insoluble polysaccharides. Ganoderma 
Lucidum was chosen because of the extensive literature coverage and its importance 
as herbal medicines. To remove the water-soluble polysaccharides, the homogenized 
Ganoderma Lucidum fruiting body was repeatedly washed with hot ethanol and 
extracted with water under reflux conditions. Water-insoluble polysaccharides were 
subsequently obtained by extracting the treated Ganoderma Lucidum residue using 
DMSO. The trace water-soluble polysaccharide in DMSO extract was further 
removed by water under sonicating condition. In contrast to water-soluble extracts, 
DMSO extracts were found to be protein-free by Bradford method. The amount of 
salt content and colored impurities were found to have insignificant effect on 
subsequent MALDI analysis and the deproteination, decolorization and desalting 
processes were found to be unnecessary. After a systematic study of the matrix 
comparison and sample preparation method, the co-matrix of 2,5-DHB with 
ammonium fluoride was used and "dried-droplet" method was employed in MALDI 
analysis of water-insoluble polysaccharide. To obtain accurately the MW and MWD 
information, the DMSO extract was fractionated into narrow distributed fractions by 
GPC using Sephedax G-75 column. The number-average molecular weight of each 
fraction was obtained by MALDI analysis. Good linearity was found in the plot for 
the logarithm of measured Mn and the eluting time (R=0.993). The relative amount 
of polysaccharides in these fractionated samples was quantified by using 
phenol-sulfuric acid assay. The MW and MWD of the unfractionated water-insoluble 
polysaccharides were reconstructed. The (l^mber^average molecular weight (Mn), 
(^Weight-average molecular weight (Mw) and ^lydispersity (P. D.) of water-insoluble 
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Polysaccharides are the products of condensation polymerization of n ring-form 
monosaccharide units, where n is at least 10 or above. Ring-form monosaccharides 
are formed from the open ring form of monosaccharides by reactions between the 
aldehyde at the 1 -carbon and the hydroxyl at the 5-carbon to form glucopyranose 
ring (or the hydroxyl at the 4-carbon to form glucofuranose ring). Examples include 
ribose (pentose), glucose (hexose)，fructose (hexose), galactose (hexose), mannose 
(hexose) and sedoheptulose (helptose). The linkage between each repeating unit in a 
polysaccharide is called glycosidic bond. It normally extends between the 1 -carbon 
of the first monosaccharide unit and the 2-carbon, the 3-carbon, the 4-carbon, or the 
6-carbon of the second monosaccharide unit to form 1 ^ 2 , 1-^3, 1—>4 or 1—6 
linkage. Depending on the orientation of the -OH group at the 1-carbon forming the 
linkage, they are further designated as alpha (a) or beta (P) linkages. 
Polysaccharides are probably the most abundant and structurally diverse compounds 
found in nature. They are the main constituents of plant cell such as cellulose, pectin 
and starch but also occur in fauna such as the chitin of the shells of insects and 
crustaceans, and glycogen in the liver of mammals. Among biomolecules, 
polysaccharides carry the most biological information because of the greatest 
potential of structural variability. Diversified polysaccharides originated from nature 
have different functions. The major functions of polysaccharides include energy 
storage and structural components in extracellular matrices of multicellular 
organisms. Some polysaccharides are also linked to proteins and lipid to form 
glycoproteins and glycolipids, respectively. The former plays an almost endless 
variety of reactions and function as enzymes, recognition, adhesion, receptor, and 
structural molecules. The latter are common found in cellular membranes of 
chloroplasts and mitochondria. 
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1.2 Pharmacological importance of polysaccharides 
Polysaccharides from nature origins and their derivatives have been extensively 
studied for their biological activities. The most promising pharmacological functions 
are anti-tumor, anti-virus and immunomodulatory effects. Perhaps the first report on 
the antitumor activity of polysaccharide was published in 1943. [1] The 
polysaccharide was isolated from the bacterium Serratia marcesceus and is now 
known as Shear's polysaccharide. Recent pharmacological studies have shown that 
curdlan and its reducing and carboxymethylated derivatives have antitumor and 
chemotherapeutic properties [2-3]. Sulfated curdlan [4] and dextran sulfates [5] have 
inhibitory effect on in vitro HIV replication, and in vitro and in vivo growth of 
parasites. 
Although the origin(s) of pharmaceutical activities of polysaccharides is unclear, it is 
generally believed that the polysaccharides serve as a kind of biological response 
modifiers that are capable of restoring or enhancing the immunological activities. 
Many different structural parameters are known to affect the biological activities of 
polysaccharides, including molecular weight (MW) and molecular weight 
distribution (MWD), types of inter-residue linkage, linkage configurations, molecular 
conformations, and degrees of branching. For instance, the anti-tumor activities of 
P-(l—3)-D-glucans from various fungi, such as lentinan [6], schizophyllan [7], 
scleroglucan [8] are more effective than a-glucans [9-12]; and glucans with high 
molecular weight (MW) are usually more bioactive than those with low MW [13]. 
Due presumably to the present of p-(l—6) branching along the (3-(l-^3) main chain, 
low molecular weight polysaccharides isolated from lentinan and schizophyllan were 
found to have high anti-tumor activity 丨 14|. 
Although these structural parameters are known to affect the biological activities of 
polysaccharides, it is difficult to establish well-defined correlations. One of the major 
reasons is related to the diversity of methods for polysaccharide isolation and 
characterization. Polysaccharides isolated from different sources or by different 
methods vary greatly in their molecular weight, chemical composition, configuration 
and conformation as well as physical properties. For instance, triple-helix 
2 
(1—3)-p-D-glucan was generally believed to be the most biologically active 
conformation and was responsible for its anti-tumor activity [15-17]. However, 
recently studies suggested that single helix form is more potent than triple-helix form 
118,19|. 
1.3 Polysaccharides from Ganoderma Lucidum 
Ganoderma Lucidum (G. L.), which is also commonly known as “LingZhi”, “Renshi" 
and ''Mamtake ”，belongs to the polyporeceas family and is classified as edible and 
medicinal fungus. Although there are more than 200 different species in the world, 
the six dominating species are red, purple, black, blue, yellow, white species. They 
could be found in nature as well as cultivated in farms. The main chemical 
constituents of Ganoderma Lucidum are tri-terpenes，polysaccharides, nucleosides, 
amino acids and peptides, steroids, alkaloids and inorganic elements and fatty acids 
[20]. 
Among these ingredients, polysaccharides appear to be one of the major components 
with significant pharmacological functions. It was reported that they have anti-tumor 
activities, anti-oxidant and free radical scavenging activities, anti-viral activity, 
anti-microbial activity and immunomodulatory effects. Besides the pharmaceutical 
properties, it has also been used as tonics in China, Korea and Japan for centuries. 
The polysaccharides of different species, different part of the fungi even from the 
same species are quite different in the molecular weight and molecular weight 
distribution, the protein content, degrees of branching and hence their the 
bioactivities. The fruiting body is known to contain more polysaccharides than other 
parts. 
1.4 Characterization of polysaccharides 
Complete characterization of polysaccharides requires detail information on the 
composition, type and format of inter-residual linkage, configuration, conformation, 
average molecular weight and molecular weight distribution. For compositional 
analysis, the polysaccharides are normally broken into monosaccharides (or small 
oligosaccharides) through cleavages of the glycosidic linkages using acid or alkaline 
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hydrolysis, acetolysis, enzyme digestion or methanolysis. The resulting product 
species are then analyzed quantitatively and qualitatively by various forms of 
chromatography, such as paper chromatography (PC), gas chromatography (GC) and 
high performance liquid chromatography (HPLC). For analysis of the type and 
format of inter-residual linkage, Smith degradation method is commonly used. This 
method involves the oxidation of aldehyde groups by periodate and reduction of 
polyalcohols by borohydride. After acid hydrolysis, the degraded products are then 
identified by using gas chromatography (GC) or gas chromatography mass 
spectrometry (GC-MS). Alternatively, the alditols of polysaccharides can be 
methylated using methyl iodide and hydrolyzed to partially methylated 
monosaccharides. Again, the degraded products can be identified by GC or GCMS. 
The inter-residual linkages can be deduced from the positions of free hydroxyl 
groups. Success of this method relies on the completeness of the methylation 
procedure which could be cross-checked by infrared spectrometry (IR) of the 
reaction product at 3400 -3600 cm"'. The configuration of a polysaccharide (a or p) 
could be obtained by IR or nuclear magnetic resonance (NMR) measurements. The 
conformation of a polysaccharide can be determined by using viscometry or laser 
light scattering measurements. 
Perhaps one of the most challenging tasks for polysaccharide characterization is 
related to the determination of molecular weight (MW) and molecular weight 
distribution (MWD). These parameters can be measured by using a wide range of 
analytical methods, including gel permeation chromatography (GPC), viscometry, 
sedimentation equilibrium, membrane osmometry, laser light scattering (LLS), and 
mass spectrometry (MS). Different methods have their advantages and disadvantages. 
Gel Permeation Chromatography is a kind of molecular sieve chromatography and 
was first introduced in 1959 for separating sample in aqueous media [211. This 
method is simple, inexpensive and easy to operate. It is well-established that the 
logarithm of hydrodynamic volume of the molecules is linearly correlated to the 
eluting time of the sample through the gel permeation column. For a given polymer 
sample in a given solvent system, the hydrodynamic volume of the molecules is also 
linearly correlated with the molecular weight. Therefore, GPC can be used to 
measure MW and MWD if the correlation coefficient can be obtained by using 
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appropriate calibration standards. For well-characterized polymer systems, such as 
polystyrene and polyethylene glycols, proper standard reference materials are 
normally commercially available. For polysaccharides isolated from natural sources, 
such as medicinal plants, such calibration standards are difficult to obtain. The use of 
one class of polysaccharides, such as dextran, to calibrate other class of 
polysaccharides is undesirable since the hydrodynamic volume of a polysaccharides 
depends also critically on its structural parameters, such as monosaccharide 
composition, degree of branching, configuration and conformation. The MW and 
MWD information obtained are normally inaccurate. Other analytical methods, such 
as viscometry, sedimentation equilibrium, membrane osmometry, suffer from similar 
deficiencies. 
Laser light scattering (LLS) is an absolute method that gives MW and MWD of 
polymers without the need of reference standards. However, this method is very 
sensitive to the presence of dust and requires a "good" solvent for the analyte to 
avoid aggregation of molecules in solution. The presence of unexpected sample 
aggregation would lead to an over-estimation of the MW and MWD. In addition, the 
sensitivity of LLS decrease sharply as the size of the molecules becomes smaller. 
Mass spectrometry (MS) is another absolute method that can generate the MW and 
MWD information of polymers. Since mass spectrometry measurement is made in 
gas-phase and is in a solvent-free condition, the spectral calibration requires only 
reference standards of known masses. The main limitation of mass spectrometry for 
analysis of high-mass biomoleciiles, such as proteins, DNA fragments and 
polysaccharides, had been the inability of generating representative, intact sample 
ions from the samples in condensed phase. However, the introduction of novel 
desorption / ionization methods in late 1980's, such as matrix-assisted laser 
desorption / ionization (MALDI) and electrospray ionization (ESI), has considerably 
alleviated the problems. Nowadays, intact molecular ions with masses up to hundreds 
of thousand Daltons can readily been generated and analyzed. 
1.5 Matrix-assisted laser desorption / ionization 
5 
The use of laser as a ion generation tool for mass spectrometry can be traced back to 
early 1970s. [22，23] Many continuous and pulse lasers of different wavelengths and 
pulse duration have been evaluated. Not until the introduction of matrix-assisted 
laser desorption / ionization (MALDI) method in 1988, nearly all laser mass 
spectrometry systems have an intrinsic upper accessible mass range up to � 1 0 0 0 — 
2000 Daltons. Samples of high molecular weight normally experienced excessive 
degradation and did not generate diagnostic ions for sample characterization. 
MALDI was introduced by Hillenkamp and Tanaka [24, 25] for analysis of 
high-mass proteins. Briefly, this technique involves mixing the analyte of interest 
with a large molar excess of matrix compound with ratios ranging from 100:1 to 
50,000:1 |26|. The matrix material is usually an organic acid (or ultrafine metal 
powders) with strong absorption at the wavelength of the laser. The molecules of the 
matrix absorb the photon energy generated from laser light and are resonantly 
excited to high electronic and vibrational states. Through presumably the vibrational 
excitation, a coherent expansion of the illuminated matrix molecules might occur. 
Because of the confinement of the expansion by the adjacent "cold" crystal lattice, 
the expansion might translate into a propelling force which leads to the generation of 
a plume of matrix and analyte molecules at the unrestricted face of the crystals, i.e. 
towards the vacuum. Many chemical reactions are believed to occur in the expansion 
plume due to the presence of highly mobile photochemically excited matrix-related 
species. A small fraction of the entrained analyte molecules are then ionization 
through the attachment of co-vaporized metal species and/or through proton transfer 
reactions with the co-desorbed matrix species [27]. The analyte molecules are then 
protonated and metal-ion adducted in positive mode or deprotonated in negative 
mode mass spectrometry. 
Both infrared and ultraviolet pulse-lasers have successfully been used in MALDI 
experiments. Due presumably to small quantum energy of infrared photon, higher 
laser fluence was needed to induce ion generation from the MALDI sample. The use 
of high laser fluence was found to cause higher rate of sample ablation. As a result, 
the sample lifetime is normally shorter in IR-MALDI than UV-MALDI. In addition, 
the cost of IR pulse-laser is considerably higher than UV pulse-laser (such as 
nitrogen laser), only a limited number of laboratories have adopted IR-MALDI 
method. Since the photon energies generated in IR region is lower than that in UV 
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region, the IR-MALDI is somewhat softer than UV-MALDI. To analyze labile 
oligonucleotides or non-covalently bound complexes IR-laser was found to be a 
better choice. 
Because of the pulse-type nature of the ion production process, MALDI is normally 
interfaced to time-of-flight mass spectrometer (TOFMS). Time-of-flight analyzer is 
perhaps the simpliest mass analyzer with near 100% ion transmission efficiency. 
With MALDI method, sensitivity down to attomoles has been demonstrated [28, 29]. 
Together with the simplicity of the spectral results and the relatively low cost of the 
instrument, it has become one of the important mass spectrometry tools for 
characterization of biomolecules. A major limitation of TOFMS is related to the 
spectral resolution. Broadening of spectral peak is resulted from the dispersion of the 
ion's arrival time. Several factors intrinsic to the desorption / ionization process(es) 
have been identified to cause such dispersion including, the spatial and temporal 
distribution and the initial desorbed kinetic energy and kinetic energy distribution of 
desorbed ions. Metastable decay of desrobed ions within the field free flight tube 
might also play a significant role for low resolution |3()|. Several instrumental 
modifications have been developed and adopted in commercial TOF instruments. 
The incorporation of electrostatic reflector in a time-of-flight instrument can 
significantly improve the spectral resolution. This improvement is partly caused by 
the compensation of the time-of-flight of ions of different desorption kinetic energies, 
and partly caused by the increase in the total flight path and hence the overall 
time-of-flight. Since the electrostatic reflector serves as a potential barrier for the 
incoming ions, ions of higher kinetic energies (i.e. higher initial desorption kinetic 
energies) will penetrate deeper in the reflector and take a longer reflection path than 
ions of lower kinetic energies. Since ions of higher kinetic energies fly faster and 
with a deeper penetration into the reflector mirror than ions of lower kinetic energies, 
the difference in the overall time-of-flights of these ions can be minimized by careful 
adjustment of the reflector potential. 
Early attempts of coupling the MALDI method with reflectron time-of-flight mass 
spectrometers have discovered that the practical spectral resolution was much lower 
than the expected values [31 j. It was soon discovered that MALDI process(es) would 
introduce an unusually high desorption kinetic energy and kinetic energy distribution 
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to the desorbed ions. MALDI desorbed peptide ions were found to have intrinsic 
desorption velocities of nearly 750 ms"'. This initial desorption velocity is weakly 
correlated with the masses of the desorbed ions; whereas the range of velocity 
distribution increases proportionally to the masses of the desorbed ions. The small 
path difference introduced by a simple reflectron mirror could not effectively 
compensate the large spread of ions' flight time. More recently, pulsed ion extraction 
method [32-36J was found to be an effective method for improving the spectral 
resolution of MALDI-TOFMS. Using the pulsed ion extraction method, MALDI ions 
are normally generated under field free conditions (or at a slight retardation 
conditions) and are allowed to fly with their desorption velocities. After a fixed delay 
of several nanoseconds (or tens of nanoseconds), the desorbed ions are extracted with 
a high electric field and are accelerated to a fixed energies prior to the time-of-flight 
analysis. During the initial free flight period, ions with higher desorption velocities 
would move further away from the sample surface as compared to ions with lower 
desorption velocities. Upon pulse extraction, the ions with higher desorption 
velocities would be extracted at positions with lower potential energy than the ions 
with lower desorption velocities. By suitably adjusting the delay time of extraction 
and the extraction potential, the kinetic energy distribution of the accelerated ions 
could be reduced to a value much smaller than the initial desorption kinetic energy 
distribution. 
1.6 Matrix-assisted laser desorption / ionization of polysaccharides 
Unlike protein and nucleic acid which have definite chemical formulas as low 
molecular weight substances, polysaccharide is a mixture of different molecular 
species with the same or at least similar monomeric units but different number of 
this/these unit(s). Since it is neither possible nor desirable to characterize each 
species individually, polysaccharide (and in fact all polydisperse polymers) is 
commonly described by the average molecular weights. There are two common 
methods to evaluate the average molecular weight of a polymer, including 
number-average (m J and mass-average molecular weights. The 
number-average molecular weight is obtained by dividing the measurable property 
8 
using the number of molecules having that property. Accordingly, the number 
averages are identified by the subscript n. Thus, 
——y iN丨Mi 
[1.1] 
where M” is the number-average molecular weight. In this formula, TV, can be 
replaced by any quantity that is proportional to number of molecules. The 
weight-average molecular weight is obtained by dividing the measurable propertly 
using the mass of the material having that property. According, the weight averages 
are identified by the subscript w. Thus, 
——y iNM^ 
where is the weight-average molecular weight. In this formula, Nt can be replaced 
by any quantity that is proportional to mass of the material. The ratio of these 
molecular weight averages M J M丨�is often used as characteristics of polymer 
polydispersity (PD). 
The applications of MALDI mass spectrometry method to characterize the molecular 
weight and molecular weight distribution of polysaccharides have been rather limited. 
One of the reasons is related to the difficulties in getting suitable experimental 
conditions for MALDI measurement. Matrix and solvent selection is perhaps the 
most demanding parameters for successful MALDI analysis. Among dozens of 
useful matrices identified nowadays, only few of them could be used in analyzing 
polysaccharides. Among these matrices, only 2,5-dihydroxylbenzoic acid (DHB) can 
produce useful MALDI signals for different polysaccharide standards. Another 
practical problem is related to search of a solvent system which could dissolve both 
matrix materials and polysaccharide samples with a solution pH that does not 
interfere with desorption / ionization function(s) of the matrix. It is well known that 
DHB and many other common acid matrices would lose the matrix properties when 
the solution pH is adjusted to a value higher than their pKa values. However, 
polysaccharides generally have relatively poor solubilities in water (and other 
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common solvents, such as methanol, acetonitrile, tetrahydrofuran (THF) and 
dichoromethane (DCM)) and dissolves well only in very basic solution (such as 1 -2 
M NaOH) and in relatively non-volatile dimethylsulfoxide (DMSO). 
Another reason is related to the mass discrimination problem. It is well known that 
the detection efficiency of high-mass components is lower than low-mass 
components under typical MADLI-TOF analysis conditions. This mass 
discrimination would lead to a systematic underestimation of the average MW for 
polymers with high polydispersity. A multiple factors have been shown to 
contribute to the overall discrimination effect. Examples include sample preparation 
methods [37], mass-dependent formation of multimers and multiply-charged ions 
1381, and the nature and concentration of cationization reagents [39]. Instrumental 
parameters affecting the ion transmission and ion-to-electron (or ion-to-ion) 
conversion [28, 40J have also been found to cause mass discrimination in 
characterizing polydisperse sample. Nevertheless, it was demonstrated that 
MALDI-TOFMS can provide accurate molecular weight information for polymers 
with relatively small polydispersity, i.e. PD < 1.3 [41]. A practical way to overcome 
this mass discrimination problem involves on-line or off-line fractionation of the 
polymer using gel permeation chromatography (GPC) [42. 43J prior to MALDI 
analysis. The average molecular weight obtained from these GPC/MALDI methods 
has shown to be within 20% deviation from that of the GPC method alone [44], 
1.7 Outline of the project 
The present project aims to develop an experimental protocol for evaluation of the 
molecular weight and molecular weight distribution of water-insoluble 
polysaccharide from medicinal plants using MALDI-TOF-MS coupling with off-line 
GPC method. The water-insoluble polysaccharide in Ganoderma Lucidum was 
targeted because of its pharmacological importance. Chapter one provides an 
introduction on the terminologies and common characterization methods for 
polysaccharides. Special emphasis has also been paid in outlining the shortcomings 
of matrix-assisted laser desorption / ionization (MALDI) mass spectrometry method 
in determination of molecular weight and molecular weight distribution of polymeric 
materials. Chapter two gives a detail description of the MALDI time-of-flight mass 
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spectrometer used in the present study. General experimental procedures, including 
extraction process，different MALDI sample preparation methods, Bradford assay 
and phenol-sulfuric acid assay are also given in this chapter. Chapter three focuses 
on the optimization of MALDI experimental conditions, such as matrix selection and 
sample preparation, for the analysis of water-insoluble polysaccharides. Chapter 
four relates to the evaluation of the MW and MWD of the water-insoluble 
polysaccharides extracted from the fruity body of Ganoderma Lucidum. Finally, 




2.1 Time-of-flight mass spectrometry 
Time-of-flight analyzer is one of the common mass analyzers used to couple with 
MALDI method. The concept of sorting the masses of ions according to their 
times-of-flights was first introduced in 1948 [45]. Actually implementation of 
time-of-flight concept as an analyzer for mass spectrometry was made in 1950s [32， 
46, 47]. Time-of-flight analyzer is a relatively simple, inexpensive instrument with 
high sensitivity and unlimited mass range. Figure 2.1(a) shows a schematic diagram 
of a linear TOF mass spectrometer. In this instrument, a packet of ions is accelerated 
to a fixed kinetic energy through a short acceleration region (d) under an electric 
field (E). The final velocity of an ion is inversely proportional to the square root of 
its mass-to-charge ratio. All ions are then allowed to pass through a field-free 
region where they separate into a series of spatially discrete individual ion packets， 
each traveling with a velocity characteristic of its mass. Ions with lower m/z travel at 
higher velocities and have shorter flight time through the field-free region (D). 
Pulses of electrical signal will be produced as they strike onto the detector at the 
other end of the field-free region. The mass analysis is carried out on the basis of 
direct measurement of the ion's time-of-flight through the field-free tube in the TOF 
instrument. Ideally, all ions enter the field-free region with the same kinetic energy 
(KE) governed by: 
KE = zeEd [2.1] 
where e is the unit electronic charge and z is the number of charges. Different ions 
will have their terminal velocities depending on their charge-to-mass (z/w): 
2zeEd 
v =飞 [2.2] 
V m 
The time (,) required to travel through the field-free region for different ions is used 
to establish the mass scale. 







































































































































The time spectrum can then be converted to the mass spectrum directly using a linear 
equation: 
= [2.4] 
where A and B are calibration constants. The resolution of a time-of-flight mass 
analyzer is therefore given by: 
？ L = 去 ⑷ 2 [2.5] 
The resolving power of a time-of-flight analyzer can be improved by using a long 
flight tube (or flight path) to increase the overall time-of-flight (t); and/or 
incorporating some sorts of energy focusing devices, such as a reflector mirror or 
delayed ion-extraction source, to minimize the time spread (At). 
Reflectron is an energy-focusing device which minimizes the impact of initial kinetic 
energy distribution of ions on the spread of the ion flight time by modulating the 
flight path of the ions in the reflector mirror. Figure 2.1(b) shows a schematic 
diagram of a reflectron time-of-flight mass spectrometer. A reflectron composes of a 
series of metallic rings and/ or grids with voltage that increases up to a value slightly 
higher than the ion initial acceleration voltage and is located at the end of the flight 
tube, in front of the linear detector. In the reflectron mode, the desorbed ions are 
mass-separated in the field free region and are retarded within the reflector mirror by 
the opposing potential. When the kinetic energy of the ions is converted into the 
potential energy, they will be reflected to the opposite direction of their initial motion 
and then finally arrive the detector. The penetration depth the ion into the reflectron 
depends on the original energy of the ions. The higher is the initial kinetic energy, 
the deeper is the penetration distance. By modulating the flight path within the 
reflector mirror, ions of the same m/z but different initial energies can be time 
focused at the reflector detector. With a single uniform reflecting field, only 
first-order time focusing of the energy spread of ions can be accomplished. To 
obtain second-order focusing, which is necessary for high resolution for ions with 
large energy spread, an additional independent parameter is needed. The variation of 
14 
this parameter enables the second derivative of flight times to be zero with respect to 
the energy. This can be achieved in a two-stage reflecting field design, in 
which ions are retarded in the first stage of the reflector and are reflected and exactly 
focused in the second stage. The TOFMS system used in this research work is 
equipped with a two-stage gridless ion reflector. Besides the increased resolving 
power, this design exhibits the additional advantage of focussing the ion packets 
spatially through its lens-type properties, which increase the ion transmission to the 
reflector detector significantly. 
Although reflector mirror has substantially improved the resolving power of a 
time-of-flight instrument using classical laser desorption source, it has only little 
improvement for MALDI time-of-flight instrument. It was later demonstrated that 
the major problem related to MALDI-TOF is that ions produced by MALDI 
processes exhibit a rather broad energy distribution. Initial velocity of desorbed 
analyte ions is nearly independent of mass and therefore the initial kinetic energy is 
proportional to mass of the analyte ions. In addition, when desorption occurs in a 
strong electrical field, part of the ion energy is lost presumably by collisions with the 
neutral plume. Mass dependent energy dispersion is resulted. The loss of 
correlation between position, velocity and energy of the ions prohibits time focusing 
of ions using the classical reflectron. Slight increase of the laser irradiances above 
the threshold of ion production, mass resolution degrades rapidly. Recent advances 
in MALDI-TOF instrumentation has shown that these conditions can be corrected by 
application of a split acceleration stage in which the acceleration voltage is turned on 
with a time delay after the laser pulse. Using this delayed-ion extraction, three 
parameters can be independently adjusted to optimize the performance. These 
include the field magnitude and direction during and immediately following ion 
production, the magnitude of the extraction field, and the time delay between the 
laser pulse and application of the extraction field. By the incorporation of 
delayed-ion extraction (DE) into MALDI-TOF-MS，a significant improvement of 
performance with respect to sensitivity, mass resolution and mass accuracy of 
precursor ions up to ~ lOkDa has been achieved. 
2.1.1 Instrumentation 
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All MALDI experiments were obtained by using a Bruker-Biflex reflectron 
time-of-flight mass spectrometer (Franzen, Germany) equipped with both linear and 
reflectron detectors. Figure 2.2 shows a photograph of the time-of-flight instrument. 
Typically, the instrument comprised of five basic components including the laser 
system, the ion source, the time-of-flight mass analyzer, detectors and the data 
acquisition system. The instrument was operated at a high pressure of 3 x 10"^  Torr 
or lower. The pressure was maintained by a turbomolecular pump which was backed 
with a rotary pump. The vacuum conditions were monitored by a flight tube 
mounted ion gauge and a thermocouple gauge. 
2.1.1.1 Laser System 
Figure 2.3 shows a photograph of the laser system. The laser system comprised of a 
pulsed UV laser, an attenuator, a beam splitter, a photodiode trigger and a focusing 
lens system. A compact nitrogen laser (VSL-337，Laser Science Inc., Newton, US) 
was used to produce pulses of photons at 337 nm with pulse energy of typically 120 
l^ iJ per pulse and 3 ns pulse width. A 5% beam splitter was used to direct a fraction of 
the laser light onto the photodiode trigger for initiation of the time-of-flight 
measurement. The focusing lens system consisted of a UV lens with focal length of 
500 mm, two pin-hole iris and an UV steering mirror for alignment of the lasing 
position with respect to the ion-optical axis. The laser fluence was adjusted by using 
a circular linear-wedge neutral density filter. Fine adjustment of the laser fluence was 
required to minimize the fragmentation of intact polysaccharide ions and yet to 
maximize the intensity of the polysaccharide signal. 
2.1.1.2 Ion source 
A delayed ion-extraction source was installed in the present MALDI-TOF instrument. 
It comprised of a probe holding plate (ISl), an extraction plate (IS2), a grounded 
plate. An Einzel lens and a pair of orthogonal deflector plates were attached at the 
back of the ion source. All samples were deposited onto a ferromagnetic stainless 
steel plates prior to MALDI analysis. Each sample plate was mechanically marked 
























































































plate could be mounted onto a retractable probe for insertion from the atmospheric 
pressure into the vacuum chamber. The sample probe could be rotated and the target 
position could be computer-controlled and viewed with a charge-coupled device 
(CCD) video camera. With a spring-loader, the sample plate was 
electrically-contacted with the probe holding plate. For experiment with delayed 
ion-extraction, both ISl and IS2 were fed with the same high voltage, i.e. +19 kV for 
positive-ion mode and -19kV for negative-ion mode. After triggering with the laser 
pulse, a fixed timedelay was given prior to a rapid ramping of the IS2 to a preset 
value, typically 14.25 kV, for extraction of the desorbed ions. The delay time could 
be adjusted in three levels, i.e. short (a few nanoseconds), medium (tens of 
nanoseconds) and long (hundreds of nanoseconds), for optimizing the resolution of 
low-mass, medium-mass and high-mass ion signals. The Einzel lens was used to 
focus the extract ion beam; and the deflector plates were used to deflect the low-mass 
ions (presumably from the matrix molecules) and improve the detector sensitivity 
towards high-mass ions. 
2.1.1.3 Reflector 
In the Biflex TOF mass spectrometer, the accelerated ions pass through a 120cm 
field-free region before entering this reflector mirror. The reflector mirror is a 
two-stage reflector that is capable of second-order focusing. A gradient of different 
voltages that increase up to +20kV is supplied to the reflector mirror. This gridless 
reflector is designed without mesh resulting in an increase of ion transmission and 
resolution. In addition, the sensitivity is increased by focusing of the divergent ion 
beam due to the ion lens type design of the reflector. The reflector axis is tilted with 
respect to the axis of the ion beam to ensure off axis detection. The reflector is 
usually set to a somewhat higher potential than the accelerating potential, in order to 
efficiency reflect ions which cannot continue travel through a higher energy barrier. 
2.1.1.4 Detector 
Two multichannel plate (MCP) detectors are installed in the Biflex instrument. The 
linear detector is installed along the ion-optical axis and is located behind the 
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reflectron; whereas the reflectron detector is slightly off-axis and is positioned above 
the turbomolecular pump. In all experiments, the MCP potential used is 1.75 kV. 
Control of the measurements on the MALDI-TOF mass spectrometry, data 
acquisition and processing were performed by the Bruker software XMASS running 
on an SUN workstation (SPARC-20). 
2.1.1.5 Data acquisition and manipulation 
The data acquisition and TOF control system is operated through an 0S9 computer 
via a VME-bus. The 0S9 computer is, in turn, controlled by the operator through the 
UNIX SUN workstation (SPARC20) via ethernet. Parameters set for firing of laser, 
number of shots, high voltages, sample target positions and the attenuator for 
adjustment of laser light are all computer-controlled by the software XMASS. Date 
acquisition is initiated by firing a laser pulse. Small portion of the laser photons is 
directed to a photodiode that in turn triggers a start signal for the digitizer (500MHz, 
LeCroy，US). Signals from the detector are pre-amplified, digitized and recorded by 
the digitizer. The digitized signals are then transferred to the SUN workstation for 
display and processing. The SUN workstation serves as a user-friendly terminal for 
instrument control, data acquisition and also as a powerful data processing device. 
All reported MALDI spectra were the sum of 200 single shot spectra with 10 point 
smoothing. From the MALDI spectra, the number average molecular weight and 
weight average molecular weight of a polysaccharide can be calculated. The 
number-average molecular weight (M,,)�weight-average molecular weight (A/,,,) and 
polydispersity {PD) were calculated according to the following equations. 
f A . M i 
M , � — — [2.6] 
;=i 
20 
似 . = 气 [2.7] 
；=1 
™ = ^  [2.8] 
2.2 Ultraviolet-visible spectrometer 
Ultraviolet-Visible spectrometry is one of the widely used methods to detect and 
quantify inorganic and organic species. Typical detection limit ranges from lO"^  to 
10-5 M. The relative error for quantification is within 1-5%. Quantification using 
UV-VIS absorption spectrometry relies on the Beer's law: 
A = £bc [2.9] 
where A is the absorbance of sample, cf is the molar absorptivity (cm"'mor'), b is 
the path length of the radiation through the absorbing medium (in cm) and c is the 
concentration of sample solution (mole per liter). Since carbohydrates do not 
normally posses suitable chromophore, chemical derivatization is required prior to 
Ultraviolet-Visible detection. The instrument used in this experiment is HP 8453 
UV-Visible spectrometer equipped with Agilent 89090A working station. 
Wavelength range was from 280nm to 800nm. The integration time was 0.5 second. 
The interval was set at Inm. The temperature of cell box was set at 25°C. 
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CHAPTER THREE 
OPTIMIZATION OF MALDI CONDITIONS FOR 
POLYSACCHARIDE ANALYSIS USING DMSO AS 
SOLVENT 
3.1 Introduction 
Soon after the commercialization of "LASER" (light amplified stimulated emission 
radiation) device, laser has extensively been evaluated as the energy source for direct 
production of intact gaseous ions from involatile samples in mass spectrometry. Both 
continuous-wave (CW) lasers and pulse lasers of different pulse-width have been 
tested. More than two decades of research has led to a general consensus that proper 
selection of laser wavelength to match the electronic absorption properties of the 
analyte molecules is one of the important conditions for the production intact 
molecular ions from involatile samples [48-51 J. Non-resonance laser desorption / 
ionization usually leads to extensive fragmentation of the analyte molecules. 
Nevertheless, there was an upper mass limit of a few thousand Daltons above which 
no intact molecular ions could be generated using direct laser desorption / ionization 
approach. 
The concept of using chemically inert materials as isolating media (or “matrix”") for 
target molecules was originally developed in Physics for the studies of reactive 
chemical transients [52]. This matrix technique has shown to be an excellent method 
in promoting the efficiency of ion production in different mass spectrometry 
desorption / ionization methods. For instance, nitrocellulose has been an efficacious 
matrix for plasma desorption [53]; glycerol has been enormously effective for 
keV-particle bombardment (such as fast atom bombardment (FAB) and secondary 
ion mass spectrometry (SIMS) 54). In 1984，Tanaka's group [55] and subsequently 
Hillenkamp's group [56-60] have discovered useful matrices for use in laser 
desorption / ionization mass spectrometry of large biomolecules. Tanaka 
demonstrated that the use of a slurry of ultrafine (< 300 A) cobalt powders in 
glycerol could lead to desorption / ionization of intact lysozyme molecular ions (MW 
� 1 4 , 0 0 0 ) . By mixing large molar excess of nicotinic acid as matrix with the analytes, 
Hillenkamp showed that intact protein molecular ions of hundred thousand Daltons 
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could be generated. Due presumably to the safety and ease of manipulation, only 
MALDI method using small organic matrices has been widely adopted. 
Numerous attempts have been made to identify criterion for effective MALDI matrix. 
However, only empirical guidelines could be obtained. High extinction coefficient (s) 
at the wavelength of the laser seems to be a must for a material to be used as MALDI 
matrix. It is generally believed that an effective MALDI matrix must be able to 
embed and isolate analyte molecules (i.e. the so-called “matrix-isolation” effect). 
Whether or not a compound posses this property is difficult to confirm and is 
normally judged by it's solubility in solvent(s) compatible with the target analytes. 
Since the effectiveness of many existing matrix systems are very sensitive to 
preparation conditions, such as pH and the concentration of salts and other impurities, 
it is also postulated that an effective matrix material must also provide channels for 
ionization of the target analyte during or before desorption process. Due presumably 
to the complexity of desorption and ionization mechanism(s), the search of effective 
matrix materials for a particular class of compound relies by-large on trial-and-error 
method. 
In comparison with peptides/proteins, relatively few materials have been identified as 
useful matrices for carbohydrates. Table 3.1 summaries the useful matrices for 
carbohydrates [61,62]. Among these matrices, 2-5-dihydroxybenzoic acid (DHB) 
and super-DHB were found to the most effective matrices for neutral polysaccharides. 
In positive-ion mode, MALDI spectra of carbohydrates exhibit predominantly 
cationized (Na+ and K+ adducted) molecular ions. These alkali metal ions could be 
originated as trace impurities in the sample plate and glassware or could be 
on-purpose added as co-matrix during sample preparation [63]. To reduce the 
activity of the protons derived from the matrix, ammonium fluoride (NH4F) and 
3-aminoquinoline (3AQ) have frequently been added during sample preparation. 
These materials have shown to reduce the undesirable fragmentation of the 
high-mass polysaccharides [64, 65J. 
Along with matrix selection, sample preparation is believed as another critical 
procedure in MALDI analysis for improving the resolution, sensitivity and 
reproducibility. Preloading of fine crystals of matrix on sample target by fast 
evaporation method prior to sample 
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Table 3.1 
A summary of matrices and matrix systems evaluated for M A L D I analysis of 
dextran 5000 and 12000. D M S O was used as analyte solvent. 
Matrix Results 
a-CCA (with and without TFA) Not detectable 
SA (with and without TFA) Not detectable 
MSA in TA Not detectable 
4-HMBA Not detectable 
3-AQ Not detectable 





deposition has proven to give higher sensitivity of peptides up to attomole range and 
to allow fast data acquisition without the need to search for "sweet spots" [66]. 
Doped neutral oligosaccharides with dilute sulfuric acid provided significantly more 
structural information than alkali coordinated complexes in negative mode of 
MALDI analysis [67j. Since carbohydrates are not ionized as efficiently as proteins, 
chemical derivatization has also frequently been used to increase measurement 
sensitivity [68-70]. 
This chapter focuses on the practical evaluation of matrix systems and optimization 
of sample preparation methods for MALDI analysis of water-insoluble 
polysaccharides. In order to avoid unnecessary complications due presumably to 
unknown impurities on the optimization experiments, these studies were performed 
using standard reference materials, i.e. dextran 5000 and 12000. Although dextran is 
an a(l->6) glucan whereas the water-insoluble polysaccharides from Ganoderma 
Lucidum is expected to be a(l—»3) glucan [69], previous reports have shown that 
inter-residue linkage has no apparent effect on the MALDI analysis[64, 65]. 
Preliminary experiments and literature reports have shown that many aspects of the 
sample preparation conditions have significant impacts on the MALDI analysis of 
high-mass polymers. This chapter focuses on systematic evaluation of some of these 
aspects, including matrix selection, co-matrix selection and addition, 
matrix-to-co-matrix and matrix-to-analyte ratios, sample loading methods and 
conditions. 
3.2 Experimental 
Stock solutions of dextran 12000 and 5000 were prepared using in DMSO solvent at 
concentrations 50 g/L. Unless otherwise stated, matrix solutions of 
2,5-dihydroxybenzoic acid (DHB), sinnapinic acid (SA)，3-aminoquionoline (AQ), 
4-hydroxy-3-methoxybenzoic acid (HMBA), 5-methoxysalicylic acid (MSA) and 
a-cyano-4-hydroxycinnamic acid (a-CCA) were prepared with concentrations of 20 
g/L using mixture of water and acetonitrile at a volume ratio 3:1. Aqueous 
ammonium fluoride (NH4F) and sodium chloride (NaCl) solutions were prepared at 
concentrations of 2.0 M and 0.5 M, respectively. Solutions of other concentrations 
were prepared by successive dilution using the appropriate solvent. 
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Preliminary studies have led to the formulation of a benchmark sample preparation 
protocol. This protocol involves the use of DHB solution (20 g/L) as matrix. The 
sample solution was formulated by mixing the matrix solution with the analyte 
solution (20 g/L) at a volume ratio of 50:1. Finally, 0.5 of this sample solution 
was deposited onto a pre-heated sample plate ( �6 0 � C ) . This benchmark sample 
preparation protocol has shown to be effective in generating reasonable molecular 
ion distribution for dextran 5000 and 12000 standards. 
3.2.1 Selection of matrix materials 
Using the benchmark sample preparation protocol, several common matrix materials 
were evaluated for analysis of DMSO-soluble polysaccharides. They included 
a-CCA, SA, MSA, HMBA, AQ and DHB. In cases of a-CCA, SA and DHB, 
additional experiments were carried out with the presence of 1% trifluoroacetic acid 
(TFA). 
3.2.2 Selection of co-matrix materials 
With DHB as the matrix, the effect of co-matrices was also evaluated using dextran 
12000. The benchmark sample preparation protocol was modified by premixing the 
DHB solution (20 g/L) with the co-matrix solution at pre-defined ratios prior to 
analyte mixing. The use ammonium fluoride as co-matrix was evaluated by using (a) 
IM NH4F solution with different DHB-to-NH4F volume ratios, ranging from 1 up to 
10; and (b) a constant DHB-to-NHUF volume ratio of 9 with different concentrations 
of NH4F solutions, ranging from 2.0 M to 0.05 M. The anionic effect of the 
ammonium salt was evaluated by using IM NH4CI and IM NH4HCO3 as matrix with 
a matrix-to-co-matrix volume ratio of 9. The use of 3-aminoquionoline as an 
alternative co-matrix was investigated by using 20g/L AQ solution with different 
DHB-to-AQ volume ratios, ranging from 0.5 up to 8. 
3.2.3 Ratios of matrix-to-analyte 
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With constant volume ratios of DHB-to-co-matrix, different volume ratios of 
matrix-to-analyte, ranging from 1 up to 100 were evaluated using dextran 12000. 1 
M NH4F, 20 g/L AQ, 20 g/L DHB, and 50g/L dextran solutions were used. The 
DHB-to-NHjF and DHB-to-AQ volume ratios were fixed at 9 and 3, respectively. 
3.2.4 Effect of sample drying temperature 
With DHB (20g/L) / NH4F (IM) (v/v = 9) as the matrix system, the effect of sample 
drying temperature was evaluated by using dextran 12000 (20 g/L) as the anlyte. The 
matrix-to-analyte ratio was fixed at a volume ratio of 50. Standard dried-droplet 
sample loading method was employed. The target plate was pre-heated to an elevated 
temperature ranging from 50 to 80°C. 0.5 |aL of sample solution was added and the 
time for drying was recorded. 
3.2.5 Sample loading methods 
Three sample loading methods were evaluated, including the conventional 
dried-droplet, layer-by-layer and sandwich methods, using dextran 12000. Two 
matrix systems were formulated by mixing DHB solution with 1.0 M NH4F and AQ 
solutions at a volume ratio of 9:1. For the dried-droplet method, the matrix (20 g/L) 
and analyte (20 g/L) solution were mixed at a ratio of 50 to 1. l^iL of the solution 
mixture was applied onto the sample plate and was dried under ambient pressure. For 
layer-by-layer method, 0.5 i^L of matrix solution was applied onto the sample plate 
and was dried prior to the application of 0.5 ixL of analyte solution. The sandwich 
method was actually another type of layer-by-layer method. An additional 0.5 |uL of 
matrix solution was applied onto the sample prepared by layer-by-layer method. The 
analyte layer was "sandwiched" between two layers of matrices. In order to 
accelerate the drying process and to remove trace amount of DMSO, all samples 
were dried on a hot plate at an elevated temperature of 60°C. 
3.3 Results and discussion 
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3.3.1 Selection of matrix materials 
In attempts to search for good matrix system(s) for water-insoluble polysaccharide 
from Ganoderma Lucidum, those matrices that were claimed to work well with 
carbohydrate analysis were evaluated. To simulate the experimental conditions, 
DMSO was used as solvent for reference standards (as analytes). Table 3.1 
summarized the experimental results. Figure 3.1 shows typical MALDI spectra of 
dextran 5000 and 12000 (DMSO as solvent) using DHB matrix. Two series of 
cationized molecules were observed in all spectra, corresponding to the sodium ion 
adduct [M+Na]+ and the potassium ion adduct [M+K]+. From the peak-to-peak mass 
increments in the mass spectra, a repeating mass of 162 Da was observed which was 
consistent with the mass of the expected hexose residue. 
Among the matrices evaluated, DHB is the only suitable matrix material for the 
analysis of dextran 5000 and 12000. Although some of these matrices were shown to 
be effective matrices for selected carbohydrates, many of them did not give any 
signals for both dextran standards. For instance, AQ, a-CCA and SA were found to 
be very useful in analysis of plant inulins and sialylated sugars |7K 72], 
glycoproteins, and sulfated carbohydrates respectively they did not give any signals 
for the neutral dextran standards. Also, neither MSA nor HMBA would induce any 
polysaccharide signals. Reducing the sample pH by addition of trifluoroacetic acid 
did not improve the situation. In typical MALDI spectrum of polysaccharides, only 
sodiated and potassiated molecular ions are found with no visible protonated 
molecular ions. A plausible reason might be related to the absence of any amino 
groups. Only the relatively low proton affinity hydroxyl groups are available for 
capturing of charges. However, doping low concentration of sodium chloride and 
lithium chloride did not result in any improvement in the measurement sensitivity. 
Increasing the salt concentrations led to the suppression of the polysaccharide signals 
due presumably to the unfavorable perturbation of the analyte/matrix 
co-crystallization. 
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Figure 3. 6 
Typical MALDI mass spectra of (a) Dextran 5000 and (b) Dextran 12000 using DHB as 
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3.3.2 Selection of co-matrix materials 
The concept of co-matrix was developed for improving the efficiency of the matrix 
materials in inducing the formation of intact gaseous analyte ions. Co-matrix differs 
from ionization reagent in such a way that it does not lead directly to analyte ion 
formation. For instance, addition of 10% HMBA into DHB matrix led to an 
enhancement of peptides/protein ion signals [73] due presumably to the disruption of 
the crystal lattice and thus facilitating the release of analyte ions. Addition of NH4F 
into 3-hydroxypicolinic acid (HPA) and DHB could also improve the MALDI 
analysis of oligonucleotides and polysaccharides, respectively [74, 75]. Ammonium 
fluoride was believed to play several important roles in MALDI analysis of 
oligonucleotide. The ammonium ion (NH4+) is thought to reduce the extent of alkali 
ion adduction in oligonucleotide analysis and to reduce the internal energy of the 
desorbed ions by evaporating the ammonia from the ammoniated molecular ions. 
The fluoride anion (F') can suppress the base loss of the oligonucleotide molecular 
ions by binding the excess proton to form HF and thus lowering the proton activity. 
Table 3.1 (page 23) summaries the results obtained in the co-matrix evaluation using 
DHB matrix. Nearly all co-matrix materials were found to improve the efficiency of 
the matrix system. Addition of 10% HMBA to DHB (to form the so-called "super 
DHB) led to a 2 to 3 fold sensitivity improvements in the analysis of low molecular 
weight dextrans (< 2000 Da). However, no obvious improvement was observed for 
high-mass dextran (5000 and 12000 Da). A matrix system composed of DHB and 
MSA with a volume ratio 7/3 was found to give weaker signal for dextran 12000 in 
comparison with neat DHB matrix. Two matrix systems were found to give superior 
results in comparison with neat DHB matrix. They were DHB/NH4F and DHB/AQ. 
Figure 3.2(a-b) show typical MALDI spectra of dextran 12000 using DHB/NH4F and 
DHB/AQ matrix systems, respectively. In both cases, considerable improvements 
were found in terms of the measurement sensitivity and the shape of the polymer 
distribution. The predominant species found in the MALDI spectra were sodiated 
and potassiated molecular ions. However, it was noted that the samples prepared 
using these matrix systems were quite inhomogeneous. Microcrystals were found 
mostly in the periphery of the sample deposits and amorphous layers were found in 
the central regions. "Sweet spot" searching was needed to get good quality MALDI 
spectrum. 
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Figure 3. 6 
Typical MALDI mass spectra of Dextran 12000 using (a) DHB/IM NH4F (v/v=9) and (b) 
DHB/AQ (v/v=3) matrices with DMSO as analyte solvent 
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The counter-anions of ammonium salts were found to play an important role in 
desorption / ionization of polysaccharide. Replacing the fluoride by chloride (or 
hydrogen carbonate) led 
to a suppression of the polysaccharide signals. Figure 3.3(a-b) show typical MALDI 
spectra of dextran 12000 using DHB/NH4CI and DHB/NH4HCO3 matrix systems, 
respectively. Complete suppression of the molecular ion signal was found in the case 
of NH4CI co-matrix. Although the exact role of the anion remains unclear, it is 
believed that the anions are responsible for keeping the charge balance within the 
sample crystal [76] and for enhanced the charge separation processes [77]. 
3.3.3 Effect of matrix-to-co-matrix ratio 
In attempts to optimize MALDI analysis, DHB/NH4F and DHB/AQ matrix systems 
were further optimized by using different matrix-to-co-matrix ratios. Table 3.2(a) 
summarizes the effect of the volume ratios of DHB to IM NH4F solutions on the 
peak molecular mass (Mp) and the sensitivity of MALDI measurement of dextran 
12000. Figure 3.4 (a-c) show typical MALDI spectra of dextran 12000 obtained 
using DHB/IM NH4F with volume ratio of (a) 1，(b) 9 and (c) 10. From the results 
obtained, it was found that the shape and intensity of the molecular ion distribution 
of dextran sample improve progressive as the volume ratio of DHB/NH4F increases 
from 1 to 9. At a ratio of 10, a significant distortion of the molecular ion distribution 
was observed. Such distribution distortion phenomenon is intriguing. It might be 
attributed to the uneven distribution of the oligomers within the matrix crystals 
and/or the preferential degradation of high-mass oligomers under MALDI 
desorption/ionization conditions. The latter factor was believed to have little 
contribution as the low-mass region of the spectrum does not contain the 
characteristic degradation peaks, i.e. peaks with a mass difference of 18 Da [78]. 
Since the best spectrum was obtained using a volume ratio of 9，this ratio was used in 
all subsequent experiments. 
Table 3.2(b) summarizes the effect of the volume ratios of DHB to AQ solutions on 
the peak molecular mass (Mp) and the sensitivity of MALDI measurement of dextran 
12000. Figure 3.4 (d-0 show typical MALDI spectra of dextran 12000 obtained 
using DHB/AQ with volume ratio of (d) 0.5, (e) 3 and (f) 8. From the results 
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obtained, it was noticed that the signal intensities of the peak molecular mass of 
dextran sample does not change significantly for 1 to 5 volume ratio of DHB/AQ. 
Measurement sensitivity was significantly lower in case of 0.5 volume ratio. 
Excellent shape of molecular ion distribution was obtained for the ratios 2 and 3. 
Therefore, a DHB/AQ volume ratio of 3 was used in all subsequent experiments. 
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Figure 3. 6 
Typical MALDI mass spectra of Dextran 12000 using (a) DHB/IMNH4CI (v/v=9) and (b 
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Table 3.2 
Summaries of the effect of matrix-to-analyte ratios (and/or analyte loadings) on 
the intensity and the mass of peak molecular ion (Mp) for dextran 12000 using 
(a) DHB/NH4F, and (b) D H B / A Q matrix systems. D M S O was used as analyte 
solvent. 
(a) DHB/1 M NH4F (v/v=9) 
Matrix-to-analyte ratio 
——； ： Sample loading ( " g ) Mp Intensity 
Volume ratio Molar ratio 
16 449 2796 (n=17) ^ 
32 898 0.31 3357 (n=21) 570 
48 1346 0.21 3457 (n=21) 3191 
52 1459 0.19 3457 (n=21) 1269 
80 2244 0.13 3769 (n=23) 519 
100 2805 0.10 3931 (n=24) 266 
(b) DHB/3-AQ (v/v=3) 
Matrix-to-analyte ratio 
； Sample loading (/ /g) Mp Intensity 
Volume ratio Molar ratio 
iO ^ r ^ 2956 (n=18) 4% 
16 374 0.63 3281(n=20) 687 
20 468 0.50 3119 (n=19) 1054 
24 561 0.42 2966 (n=18) 1122 
44 1029 0.23 2956 (n=l8) 1354 
52 1216 0.19 2954 (n二 18) 1378 
80 1870 0.13 3284 (n=20) 684 
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Figure 3. 6 
Typical MALDI mass spectra of Dextran 12000 using different matrix to co-matrix 
volume ratios for DHB/ NH4F system (a) 1, (b) 9，(c) 10; and DHB/AQ system (e) 0.5，(f) 
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3.3.4 Effect of sample drying temperature 
A major difference between the analysis of water-soluble and water-insoluble 
polysaccharides is related to the use of solvent system. Direct application of the 
well-established sample preparation protocol for water-soluble polysaccharides [65， 
7()] to the analysis of DMSO-soluble polysaccharides was not fruitful. No signal 
corresponding to the polysaccharide molecular ions was obtained. Two scenarios 
were postulated to account for this observation. The presence of DMSO might 
significantly perturb the crystallization process and lead to the matrix-analyte 
segregation during sample preparation. Alternatively, residual amount of DMSO 
might be present in the MALDI sample due presumably to the involatility of the 
solvent (boiling point = 189°C). It has previously been reported that the presence of 
trace amount of involatile liquid components (such as glycerol) in conventional solid 
MALDI sample could quench the analyte ion signals [80-82]. Since matrix-analyte 
co-crystallization is a rather abstract concept and is difficult to monitor 
experimentally, an obvious choice for handling the first scenario is the use of 
alternative solvent. However, most water-insoluble high-mass polysaccharides could 
only dissolve in DMSO and NaOH solution. NaOH solution is also well-known to 
suppress the MALDI signal [83]. To resolve this situation, it was decided to evaluate 
the possibility of altering the dynamics of the crystallization through modulating the 
sample preparation temperature. The use of an elevated temperature in preparing 
MALDI sample might also maximize the removal of residual DMSO molecules. 
Figure 3.5 shows typical MALDI mass spectra of dextran 12000 using different 
sample preparation temperatures. Figure 3.5(a-c) were obtained using DHB/IM 
NH4F (v/v = 9); whereas Figure 3. 5(d-t) were obtained using DHB/AQ (v/v = 3). 
Considering the duration of sample preparation, the shape of the polysaccharide 
distribution, the position of peak molecular ions (Mp) and the measurement 
sensitivity, 60°C was considered as the optimum sample temperature for the present 
system and was used in all subsequent analysis. 
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Figure 3.5 
Typical MALDI mass spectra of Dextran 12000 using different sample preparation 
temperatures for DHB/NH4F matrix system (a) 50°C，(b) 60�C and (c) 80°C; and 
DHB/AQ matrix system (d) 50�C, (e) 60�C and (f) 80�C. 
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3.3.5 Effect of matrix-to-analyte ratio 
The matrix-to-analyte ratio is an important factor in MALDI analysis as the matrix is 
responsible for absorbing laser light energy and desorbing/ionizing analyte molecules. 
Depending on the types of analyte, solvent system [84] and sample preparation 
protocols [85-86], the reported optimal matrix-to-analyte molar ratio could range 
from hundreds up to hundred of thousands [24]. For the analysis of DMSO-soluble 
polysaccharides, a systematic evaluation of the impact of the matrix-to-analyte molar 
ratio was conducted with the aim of optimizing the sensitivity of the measurement. 
Typical MALDI mass spectra were shown in Figure 3.6(a-d). Table 3.2 summarizes 
the mass and the intensity of the peak molecular ions (Mp) on the matrix-to-analyte 
volume ratios using (a) DHB/IM NH4F (v/v = 9) and (b) DHB/AQ (v/v = 3) matrix 
systems. Both the analyte loadings and the matrix-to-analyte molar ratios were 
included in the table for reference. Figure 3.7 and figure 3.8 show plots of the 
dependence of the intensity of the peak molecular ions (Mp) of dextran 12000 on the 
matrix-to-analyte molar ratios for DHB/IM NH4F and DHB/AQ matrix systems, 
respectively. From the results obtained, both matrix systems show a similar 
sensitivity trend towards the matrix-to-analyte molar ratios. Despite the higher 
analyte loading, both matrix systems exhibited rather poor measurement sensitivity at 
low matrix-to-analyte ratios (< 200). The sensitivity improved gradually by 
increasing the matrix-to-analyte ratios. Regardless of the matrix systems, the 
measurement sensitivities were maximized at a matrix-to-analyte molar ratio of � 
1300 (i.e. a volume ratio of roughly 50). Further increase in the matrix-to-analyte 
ratio reduced the intensity of the peak molecular ions. 
The low response at very low matrix-to-analyte molar ratio was expected and could 
be explained on the basis of poor matrix-isolation of the target analytes. Without 
proper matrix-isolation, analyte molecules might come together to form high-mass 
aggregates which could substantially reduce the efficiency of analyte desorption and 
ionization. The poor response at very high matrix-to-analyte molar ratio might be 
caused by the low analyte loading. The similarity in the results obtained from 
DHB/IM NH4F and DHB/AQ matrix systems is intriguing. It might be accounted for 
by postulating that DHB was the principle component responsible for the photon 
absorption, analyte desorption and ionization; whereas the co-matrices (i.e. NH4F 
and AQ) were primarily used to modulate the matrix-analyte co-crystallization. By 
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Figure 3. 6 
Typical MALDI mass spectra of Dextran 12000 using different matrix-to-analyte volume 
ratios for DHB/NH4F matrix system (a) 9, (b) 16 and (c) 48; and DHB/AQ matrix system 
(d) 3, (e) 16 and (f) 52. 
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keep the matrix identity and the matrix-to-co-matrix ratio constant, the measurement 
sensitivity should depend predominantly on the matrix-to-analyte ratios but not the 
identity of the co-matrices. Comparing the sensitivities of the two matrix systems, 
co-matrix of DHB with 1 M NH4F was found to perform much better than co-matrix 
of DHB with AQ. The polysaccharide intensity measured with DHB/1 M NH4F 
matrix system was nearly three folds higher that of DHB/AQ system. The difference 
in measurement sensitivity between these matrix systems might be attributed to two 
factors. First, AQ is a base which would reduce the pH of the sample droplet. It is 
well-known that the performance of DHB (and other acidic matrices) is pH 
sensitivity. Complete quenching of the matrix function might result if the pH of the 
solution is higher than the isoelectric point of the DHB. Second, sample prepared 
using DHB/AQ was in form of viscous liquid rather than crystalline solid (as in 
DHB/NH4F). Due presumably to the poor desorption dynamics, liquid sample was 
known to have low measurement sensitivity than solid sample. 
3.3.6 Evaluation of sample preparation protocols 
Sample preparation method plays a key role in MALDI analysis. Although 
"drop-drying" protocol is the most commonly used sample preparation procedure 
[26]，the resulting solid sample deposits are quite inhomogeneous and have short 
sample lifespan [87]. Because of the low shot-to-shot reproducibility, "sweet-spot" 
searching is usually needed to generate quality MALDI spectrum. In order to 
overcome these shortcomings, many alternative preparation methods were developed. 
Protocols based on pre-coating of fine matrix crystals using fast evaporation or 
crushing of seed crystals prior to matrix-analyte application [88, 89] were shown to 
be sensitive and effective methods in improving the sample homogeneity and 
shot-to-shot reproducibility. Precoating the target susbtrate with sodium 
perfluorosulfonate ionomer (Nafion) could also improve the MALDI sensitivity 
towards acidic and neutral polysaccharides [90]. With the self-healing properties of 
liquid surface through molecular diffusion, liquid matrices or matrix solutions [91. 
92j were introduced and were shown to have extended sample lifespan and excellent 
shot-to-shot reproducibility. Addition of co-matrices, such as fucose [93] was also 
found to be useful due presumably to the perturbation of the normal matrix-analyte 
co-crystallization process. 
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For the analysis of DMSO-soluble polysaccharides, three sample preparation 
protocols, including “drop-drying”, “layer-by-layer”, and “sandwich,,, were 
evaluated. Drop-drying method involves the direct drying of a small droplet, 
typically 0.5 - 1.0 |aL，of matrix-analyte mixture solution onto the sample target. 
Layer-by-layer method refers to the successive application of matrix solution and 
analyte solution onto the sample target. Sandwich method is similar to the 
layer-by-layer method but an additional layer of matrix is added after the drying of 
the analyte solution. Both DHB/NH4F and DHB/AQ matrix systems were used. 
Typical MALDI spectra obtained from these sample preparation methods are shown 
in Figure 3.9. Although good quality MALDI spectra could be obtained in all cases, 
selected matrix system and sample preparation protocol was found to give better 
results in terms of the analyte signal intensity, peak molecular mass (Mp) and the 
shape of the oligomer distribution. 
For DHB/NH4F matrix system, drop-drying method gave the highest analyte 
intensity and the best distribution shape of oligomers. Although layer-by-layer 
method was found to give good oligomer distribution, it was the least sensitive 
preparation method. On the other hand, sandwich method had a reasonable 
sensitivity but poor oligomer distribution. High-mass oligomer components were 
severely depleted (n > 30). A plausible explanation might be related to the 
redissolution of the polysaccharide oligomers upon addition of the final layer of 
matrix. It is generally agreed that low-mass polysaccharide components are known to 
have higher solubility than the corresponding high-mass components for a given 
solvent system. Upon the addition of the final matrix solution, low-mass components 
were therefore believed to re-dissolve in a much greater extent than high-mass 
components. The re-dissolved low-mass components could then diffuse and mix well 
with the matrix molecules in solution prior to final deposition. Therefore, the spectra 
obtained from sandwich preparation method exhibits higher sensitivity but a 
significant bias towards low-mass components. For DHB/AQ matrix system, all 
preparation methods gave oligomer distributions that were significantly low-mass 
shifted in comparison with that obtained with DHB/NH4F matrix system. Substantial 
elevation of the baseline was also observed in all spectra. Consistent with the special 
properties of AQ for the formulation of matrix-solution [65], the samples produced 
using DHB/AQ matrix system were not crystallized solids but viscous liquids. 
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Figure 3.9 
Typical MALDI mass spectra of Dextran 12000 using different different sample 
preparation protocols for DHB/NH4F matrix system � drop-drying, (b) sandwich and (c) 
layer-by-layer; and DHB/AQ matrix system (d) drop-drying, (e) sandwich and (f) 
layer-by-layer. 
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Through the slow molecular diffusion and differential solubilities of oligomers of 
different molecular weight, high degree of on-probe fractionation of the oligomers 
might result. Based on this scenario, low-mass oligomers might be enriched at the 
surface whereas high-mass oligomers might be concentrated on the bottom of the 
sample droplet. This would lead to the observed MALDI spectra with a strong biased 
oligomer distribution (towards the low-mass region). 
As a conclusion, drop-drying method was found to exhibit a good compromise in 
terms of the simplicity of the preparation procedure, measurement sensitivity and 
even response towards oligomers of different molecular masses. 
3.4 Conclusion 
Two effective sample preparation protocols for analysis of water-insoluble 
polysaccharides were developed. Among various matrices used for analysis of 
carbohydrates, two matrix systems, namely DHB/NH4F and DHB/AQ were found to 
be effective for analysis of polysaccharides using DMSO as solvent. DHB/NH4F 
matrix solution was formulated by mixing 9 portions of DHB solution (20 g/L in 
25% acetonitrile) and 1 portion of aqueous NH4F solution (1 M); whereas DHB/AQ 
matrix solution was formulated by mixing 3 portions of DHB solution (20 g/L in 
250/0 acetonitrile) and 1 portion of AQ solution (20 g/L in 25% acetonitrile). The 
matrix-to-analyte volume ratio was optimized at 50. To assist the removal of 
involatile DMSO solvent without inducing thermal degradation of the 
polysaccharides, all sample deposits were prepared on the sample target at an 
elevated temperature of 60°C. Among three sample preparation protocols (namely 
drop-drying, layer-by-layer, and sandwich methods), drop-drying method was found 





MOLECULAR WEIGHT AND MOLECULAR WEIGHT 
DISTRIBUTION OF WATER-INSOLUBLE 
POLYSACCHARIDES FROM GANODERMA LUCIDUM 
4.1 Introduction 
Ganoderma Lucidum is a popular folk medicine in many Asian countries for 
centuries. It is an anti-oxidant and can induce immunomodulatory effect. It has also 
exhibited anti-tumor, anti-viral and anti-microbial activities. The major chemical 
constituents of Ganoderma Lucidum include polysaccharides, triterpenes, organic 
acids, steriods, alkaloids, amino acid, peptides and inorganic minerals [21]. Much of 
the attention had been focused on the water-soluble polysaccharide components due 
presumably to the conventional decoction of the folk medicines. Only water-extract 
was usually consumed by the patients. Nevertheless, water-insoluble 
polysaccharides from Ganoderma Lucidum were shown to have inhibitory effect on 
the growth of Sarcoma 180 solid tumor implanted in mice. The water-insoluble 
polysaccharides from Ganoderma Lucidum was found to be (l~^3)-D-glucan [94] 
with a more extended structure as compared to amylose and curdlan chains [95]. 
Characterization of molecular weight and molecular distribution of water-insoluble 
polysaccharides extracted from medicinal herbs, such as Ganodema Lucidum, was 
quite challenging. The extraction procedure needs to be simple, fast and effective. 
Apart from the maximization of extraction efficiency, the procedure needs to extract 
a representative polysaccharide sample from the raw materials. The solubility of a 
polymeric material in a particular solvent is not homogeneous among different 
oligomers. High-mass oligomers are expected to have lower solubility than low-mass 
oligomers. Therefore, the MW and MWD information obtained from the same 
natural source might differ significantly if two extraction procedures were used. This 
is perhaps an important factor prohibiting cross comparison of results between 
laboratories. In fact, substantial discrepancies exist among the literature reported 
molecular weight information for polysaccharides extracted from Ganodema 
Lucidum. For instance, the molecular weight range for water-soluble polysaccharides 
was found to be 58,000 to 1,240,000 [96] in one laboratory which is one- to 
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two-order of magnitude higher than that obtained from another laboratories [97, 98]. 
Similar situation was observed for water-insoluble polysaccharides from Ganoderma 
Lucidum [94, 99J. 
In addition, the extraction procedure, very often, needs to be selective and to avoid 
the co-dissolution of the unwanted impurities. This is particularly important for the 
subsequent UV-visible and MALDI-MS analysis. Impurities with high absorbance in 
UV-visible region might prohibit the use of UV-visible spectrometry method for 
qualitative and quantitative carbohydrate analysis. Although MALDI method is 
known to be one of the least impurity-sensitive mass spectrometry methods, many 
impurities (such as glycerol [100] and sodium dodecyl sulfate (SDS) [101]) have still 
been found to suppress and even quench the MALDI signals. Additional clean-up 
procedures for decolorization, de-proteination and desalting were commonly used. 
This chapter focuses on the development of MALDI-MS based methodology for 
characterization of the water-insoluble polysaccharides in Ganoderma Lucidum. 
Since the raw materials were purchased in local market and were not certified by any 
authorities for their origins, no attempt was made to compare the present results with 
the literature values. The essence of this study was to develop an effective analytical 
protocol based on MALDI-MS for characterization of the water-insoluble 
polysaccharides from herbal medicines (such as Ganoderma Lucidum). Further 
experiments might be needed to validate the MW and MWD information when 
standard reference materials become available. 
4.2 Experimental 
4.2.1 Extraction of water-insoluble polysaccharides from Ganoderma Lucidum 
Dry fruiting body of Ganoderma Lucidum (250g) purchased from Hong Kong 
market，was grafted into small pieces with a blender. The powder was washed with 
2.0 L 85% hot ethanol at refluxing conditions (i.e. 75-80�C) for 3 hours. To ensure 
complete (or near complete) removal of unwanted impurities, the ethanol was 
discarded and this washing procedure was repeated six times. After the washing 
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procedures, the residue was dried in the oven. The water-soluble polysaccharides 
were removed by extracting the dried residue with 2.0 L water under refluxing 
conditions (i.e.�100°C) for 3 hours. The extraction procedure was repeated six times. 
Again, the residue was dried in the oven at 100°C. Finally, the dried residue was 
extracted with 2.0 L dimethylsulfoxide (DMSO) (LAB-SCANS, Analytical Science, 
Thailand) at 65°C for 3 hours. After collecting the filtrate, the residue was again 
extracted with 2.0 L DMSO at 25°C for 36 hours. After filtration, the DMSO-soluble 
polysaccharides were precipitated from the combined filtrate with 5 times volumes of 
cool ethanol. After centrifugation at -7300 RPM for 5 minutes, the precipitate was 
obtained by discarding the supernatant liquid. To clear trace amount of water-soluble 
polysaccharides, the precipitation was back-extracted by deionized water under 
sonicating conditions. This back extraction process was repeated several times until 
the supernatant gave negative result to phenol-sulfuric acid assay. The precipitation 
was finally lyophilized and ground. About 24.0 g of dark brownish powder of 
DMSO-soluble polysaccharide was obtained. Figure 4.1 shows the flow chart of the 
extracting procedures. 
4.2.2 Gel permeation chromatography of water-insoluble polysaccharides 
Five grams of Sephedax G-75 (20-50|Lim, Sigma Ltd) were sonicated in 100 mL 
DMSO for 1 hour. After an allowance of 24 hours for swelling, the Sephedax G-75 
was then packed in a 25 cm (/), 30 mm (勿 column. The column was allowed to 
equilibrate for � 7 2 hours with DMSO until a constant flow rate was observed. A 
small piece of filter paper was laid on top of the column bed. The column was 
eluated with DMSO until the eluant gave negative result to phenol-sulfuric acid test. 
0.20 g of the freeze-dried DMSO-soluble polysaccharides of Ganoderma Lucidum 
was dissolved in 5.0 ml of DMSO using warm water bath (-40 °C) and brief 
sonication. A clear solution was obtained. The solution was applied slowly on top 
of the column using a dropper. The periphery area of the column was washed with 
small amount of DMSO 2-3 ml) for several times. The sample was then eluted 
through the column with DMSO at a constant flow rate of 3.0 ml per hour. Fractions 
of the eluant were 
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Figure 3. 6 
A flow chart of the procedure adopted in the present study for extraction of 
water-insoluble polysaccharide from Ganoderma Lucidum 
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collected at one hour interval until the eluant gave negative response to 
phenol-sulfuric acid assay. 
4.2.3 Phenol sulfuric add assay 
The reaction scheme of phenol sulfuric acid assay is shown in Appendix A. Briefly, 
the polysaccharides are partially hydrolyzed into smaller units under acidic 
conditions. Dehydration of the sugar ring leads to the formation of furfural 
derivatives which will undergo condensation reaction with phenol in the presence of 
sulfuric acid to form triarymethane dyes, an orange color complex. For qualitative 
analysis, 200 |iL of 5% phenol aqueous solution was thoroughly mixed with 200 [il 
of sample solution in DMSO in a 10ml glass test tube. 1.0 ml concentrated sulfuric 
acid was added slowly along the side of the test tube. The test tube was left 
undisturbed for 10 minutes. The development of an orange color ring at the interface 
of the two solution layers implies the presence of carbohydrate content in the sample 
solution. For quantitative analysis, 500 |iL of 5% phenol aqueous solution was 
thoroughly mixed with 500 \iL of sample solution in DMSO in a 15ml screw glass 
vial. 2.0 mL concentrated sulfuric acid was added directly on the surface of the 
mixture. The solution mixture was shaken vigorously for 10 minutes and was 
allowed to stand for 1 hour prior to UV-visible spectroscopic measurement at 490 nm. 
A blank solution was prepared using the same procedure with deionized water 
replacing the sample solution. 
4.2.4 M A L D I - T O F analysis 
The optimal sample preparation protocols developed in Chapter 3 were adopted in 
the analysis of water-insoluble polysaccharide extracted from Ganoderma Lucidum. 
These protocols involved the use of DHB/NH4F and DHB/AQ matrix systems. 
DHB/NH4F matrix solution was formulated by mixing 9 portions of DHB solution 
(20 g/L in 25% acetonitrile) and 1 portion of aqueous NH4F solution (1 M); whereas 
DHB/AQ matrix solution was formulated by mixing 3 portions of DHB solution (20 
g/L in 25% acetonitrile) and 1 portion of AQ solution (20 g/L in 25% acetonitrile). 
The matrix-to-analyte volume ratio was maintained at 50; and drop-drying method 
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was used to apply the sample solution onto the sample target at an elevated 
temperature of 60 °C. After removal of volatile solvent, the samples were introduced 
into the MALDI-TOF instrument for mass analysis. 
4.2.5 Bradford assay 
Bradford method (or Bio-Rad protein assay) is a simple procedure for determination 
of protein content in solution. An acidic dye (Coomassie Brilliant Blue G-250) was 
mixed with the protein solution. Through binding with the basic and aromatic amino 
acid residues of the protein, the absorption band of the dye would be shifted from 
465nm to 595nni. The dye reagent concentrate was five times diluted by using 
distilled and deionized water. Any particulates were filtered off using Whatman #1 
filter (or equivalent). The diluted dye reagent (5.0 mL) was thoroughly mixed with 
100 [iL sample solution. The mixture was then sealed and left at room temperature 
for at least five minutes but not more than one hour. The UV absorption spectrum in 
the wavelength range of 200 - 800 nm was recorded and was compared with the 
reference spectra. Reference spectra were obtained by replacing the sample solution 
with BSA solution (0.2 g/L) and pure DMSO solvent. 
4.3 Results and discussion 
4.3.1 Extraction of water-insoluble polysaccharides from Ganoderma Lucidum 
Extraction procedure is one of the most important parts in the MW and MWD 
characterization of polysaccharides from natural sources, such as medicinal herbs. It 
plays a crucial role in the generating representative samples. This is particularly 
important for the analysis of polymeric materials as the relative abundance of various 
oligomers needs to be preserved as much as possible throughout the extraction 
process. The extraction procedure should also be fast and effective so that a nearly 
lOOo/o of analyte could be extracted within a minimum period of time. It should also 
eliminate any unwanted impurities especially those chemical impurities that might 
interfere with the subsequent analysis. For preserving the environment, the extraction 
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procedure should not involve (or minimize) the use of halogeiiated solvents and 
reagents. 
Several aspects of the adopted extraction procedure are worthy to mention. First, all 
extraction conditions were conducted at a temperature of 100 °C or below to 
minimize unintended hydrolysis of the polysaccharides because of the high 
temperature. Second, a hot ethanol rinsing procedure was introduced at the beginning 
of the extraction. This procedure was essential as it removed undesirable impurities 
prior to polysaccharides extraction. Preliminary experiments without this rinsing 
procedure resulted in the incorporation of some unwanted impurities in the 
polysaccharide extract. These impurities seemed to precipitate together with the 
polysaccharides under cold ethanol conditions and could not be eliminated by 
Sephedax fractionation. These unidentified impurities had a detrimental effect on the 
subsequent MALDI analysis and thus prohibiting molecular weight measurement. 
Finally，the removal of water-soluble polysaccharide components by extraction with 
deionized water was monitored using Molish's test. The formation of a purple ring at 
the interface of the solution provided clear confirmation of the presence of 
carbohydrate content in the water extract. (NB: phenol-sulfuric acid assay was not 
used because the a-naphthol ethanol solution would form precipitation in aqueous 
solution). 
Since the MALDI conditions required for the analysis of neutral polysaccharides are 
known to differ significantly as compared to those required for analysis of acidic 
polysaccharides, attempts were made to evaluate the possible inclusion of acidic 
components within the extracted polysaccharides. The isolated water-insoluble 
polysaccharide (5.0 g) was eluted through an anionic ion exchange column packed 
with Dowex (CI" form) using DMSO as eluent. Neutral polysaccharides should pass 
straight through the column whereas the acidic polysaccharides should be retained 
because of the electrostatic interactions between the positively charged stationary 
phase and the deprotonated molecular ions. Elution and collection of the neutral 
polysaccharides were monitored using phenol-sulfuric acid assay. After complete 
elution of the neutral polysaccharides, the column was further eluted with a gradient 
NaCl solution starting from 0.1 M concentration up to 1.0 M. Using the 
phenol-sulfuric acid assay, no (or non-detectable amount) polysaccharides was 
eluated. This implied that the water-insoluble polysaccharides extracted from 
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Ganoderma Lucidum contain only neutral polysaccharides without any acidic 
components. 
I'igure 4.2 shows typical MALDI mass spectra of the water-insoluble 
polysaccharides extracted from Ganoderma Lucidum using DMSO solvent. 
Spectrum 4.2a was obtained using DHB/NH4F matrix system whereas spectrum 4.2b 
was obtained using DHB/AQ matrix system. Both spectra were obtained using the 
optimized sample preparation conditions as obtained in Chapter 3. Obviously, only 
DHB/NH4F matrix system could successfully generate useful MALDI spectrum for 
the crude water-insoluble polysaccharides extracted from Ganoderma Lucidum, 
whereas DHB/AQ gave no signals corresponding to the polysaccharide molecular 
ions. From the results obtained, it was believed that DHB/AQ matrix system might 
be more susceptible to contaminant suppression than that of DHB/NH4F [102]. 
Alternatively, the water-insoluble polysaccharides might have structural features that 
are significantly different from dextran. Such structural variation(s) might lead to a 
complete suppression of the polysaccharide signals under DHB/AQ matrix system. 
Since deproteination was a common step in the conventional procedure for analysis 
of polysaccharides extracted from Ganoderma Lucidum, additional experiments were 
performed to evaluate the possible inclusion of proteins in the polysaccharide extract 
and its suppression effect on the MALDI analysis. The protein content was evaluated 
using conventional Bradford assay. Instead of monitoring the UV-visible absorption 
at 590 nm, the UV-visible traces (in the range of 200 nm to 800 nm) obtained using 
blank, reference protein standard (0.2 g/L bovine serum albumin solution) and the 
sample were compared, as shown in Figure 4.3. In contrast to previous literature 
reports, it was clear that the polysaccharide sample extracted in the present case 
contains no detectable proteins. A plausible explanation might be related to the 
extraction procedure adopted. In the present case, the crude DMSO extract was 
repeatedly rinsed with deionized water to remove residual water-soluble 
polysaccharides. The co-extracted proteins (if present) might be washed away during 
this rinsing procedure. 
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A total of 40 fractions were collected from the gel permeation chromatography of the 
crude water-insoluble polysaccharides using Sephedax-75 column with DMSO as 
eluent. The carbohydrate content of each fraction was qualitatively assessed by using 
phenol-sulfuric acid test during the elution. The results were summarized in Table 
4.1. Fractions 11 to 33 were found to have positive responses whereas fractions 1 to 
10 and 34 to 40 have negative responses. 
4.3.3 M A L D I - T O F analysis of fractionated polysaccharides 
Figure 4.4 shows MALDI mass spectra of the fraction 25 of the water-insoluble 
polysaccharides using DMSO solvent. Spectrum 4.2a was obtained using DHB/NH4F 
matrix system; whereas spectrum 4.2b was obtained using DHB/AQ matrix system. 
Similar to the results obtained from the analysis of crude water-insoluble 
polysaccharides, only DHB/NH4F could yield quality spectrum for the fractionated 
sample. Since the sample was further purified by means of chromatographic 
fractionation, the failure of DHB/AQ matrix system in generating analyte ion signals 
was then attributed to the unique structural feature polysaccharide which suppresses 
the matrix action of DHB/AQ system. Therefore, all subsequent MALDI 
measurements were acquired using DHB/NH4F matrix system. 
Figure 4.5 show MALDI mass spectra of the fractions (a) 22, (b) 24, (c) 27，（d) 29 of 
the water-insoluble polysaccharides using DMSO solvent. Consistent with the 
expected sequence of elution in gel permeation chromatography, high-mass 
components of the polysaccharides were eluated at earlier time than low-mass 
components. Table 4.2 summarized the molecular weight information obtained using 
MALDI-TOFMS with DHB/NH4F as matrix. Based on the signal intensity and the 
shape of polymer distribution，only the number-average molecular mass values for 
fractions 22 to 29 were extracted. For fractions < 22 (i.e. high molecular mass 
fractions), Mn values could not be reliably determined because of the low signal 
intensities and poor shape of polymer distribution. The polymer distribution was 
significantly skewed towards the low-mass region. Since the amount of 
polysaccharides eluted was maximized at fraction 14 (see the quantitative 
measurements using phenol-sulfuric acid assay), the poor shape of polymer 
distribution might be caused by inadequate matrix-to-analyte ratio. However, 
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Table 4.1 
A summary of the qualitative analysis of fractionated water-insoluble 
polysaccharide extracted from Ganoderma Lucidum eluted with a Sephedax 
G-75 column using phenol sulfuric acid assay. 
Fractions Phenol-sulfuric acid test Fractions Phenol-sulfuric acid test 
i - 2\ + 
2 - 22 + 
3 - 23 + 
4 - 24 + 
5 - 25 + 
6 - 26 + 
7 - 27 + 
8 - 28 + 
9 - 29 + 
10 30 + 
11 + 31 + 
12 + 32 + 
13 + 33 + 
14 + 34 -
15 + 35 -
16 + 36 -
17 + 37 -
18 + 38 -
19 + 39 -
20 + 40 . 
Notes: “-” indicates negative result; “+，，indicates positive result. 
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Figure 3. 6 
Typical MALDI mass spectra of fraction 25 of the water-insoluble polysaccharide eluted 
from a Sephedax column using (a) DHB/ NH4F and (b) DHB/AQ matrix system. DMSO 
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Figure 3. 6 
Typical MALDI mass spectra of the fractionated water-insoluble polysaccharides, (a) 
fraction 22, (b) fraction 24, (c) fraction 27, (d) fraction 29, eluted from a Sephedax 
column DHB/ NH4F matrix system. DMSO was used as analyte solvent 
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Table 4.2 
A summary of the relative abundance and number-average molecular weight for 
the water-insoluble polysaccharide fractions eluated with a Sephedax G-75 
column. The molecular weight information was derived from M A L D I analysis 
(bracketed values were obtained by extrapolation); and the relative abundance 
was obtained using phenol sulfuric acid assay and the M A L D I results. 
. Eluting time Normalized Relative 
Fraction No. Mn 
(min.) Absorbance. Abundance 
660 (8638) 0.0091 1�/� 
12 720 
(8233) 0.0625 5% 
13 780 
(7847) 0.5267 41% 
14 840 
(7479) 0.9341 76% 
900 (7129) 0.9377 79% 
16 960 
(6795) 0.9658 88% 
1020 (6476) 1.0000 96% 
18 1080 (6173) 0.8981 88% 
19 1140 
(5883) 0.9111 94% 
20 1200 
(5608) 0.8630 95% 
1260 (5345) 0.8589 100% 
22 1320 
5094 0.6656 80% 
23 1380 
4856 0.4494 58% 
24 1440 
4628 0.3485 46% 
25 1500 
4411 0.2486 34% 
26 1560 
4204 0.2423 36% 
27 1620 
4007 0.0658 10% 
28 1680 
3820 0.0351 6% 
29 1740 
3641 0.0265 4% 
30 1800 
(3470) 0.0173 3% 
31 I860 
(3307) 0.0099 2% 
32 1920 
(3152) 0.0053 1% 
33 1980 
(3005) 0.0031 1% 
61 
attempts to analyze these high-mass fractions with higher matrix concentration were 
not successful. No significant improvement could be achieved. 
I'igure 4.6 shows a plot of the log function of the number-average molecular mass 
(/^(Mn)) versus the elution time for fractions 22 to 29. An expected linear calibration 
curve was obtained. The regression coefficient was 0.986. Using this calibration 
equation, the Mn of other polysaccharide fractions could be obtained by 
extrapolation and were shown in Table 4.2 (shown in brackets). 
4.3.4 Carbohydrate content analysis of fractionated polysaccharides 
Quantitative analysis of carbohydrate content of the water-insoluble polysaccharide 
fractions were conducted using standard phenol-sulfuric acid assay. The stability of 
the UV absorbance at 490 nm was monitored against the reaction time using dextran 
5000 as reference standard. The time dependence of the absorbance values (in 
triplicates) of the reaction mixture were summarized in Table 4.3 and were plotted in 
Figure 4.7. It was found that the absorbance increased steadily in the first hour and 
remained more or less constant afterwards. Therefore, all UV measurements were 
made with at least one hour delay after the mixing of the sample and the reaction 
reagents. 
The detection limit and the dynamic range of the phenol sulfuric acid assay were 
evaluated by using dextran 5000 as reference standard. Dextran 5000 was dissolved 
in DMSO at a concentration of 180.0 mg/L. Nine different concentrations, ranging 
from 0.9 mg/L up to 180.0 mg/L, were obtained by successive dilution. Table 4.4 
summarized the absorbance obtained (in triplicates). The results were plotted in 
Figure 4.8. It was found that the phenol sulfuric acid assay had a reasonable linear 
response towards the dextran 5000 at concentration range of 3.6 mg/L to 90 mg/L. 
The linear regression coefficient was 0.997. The dynamic range obtained was some 
what shorter than the reference value of 5 - 300 mg/L [103]. 
The absorbance values of various GPC fractions (listed in Table 4.2) at 490 nm using 





















































































































































































































A summary of the dependence of visible absorbance at 490 n m on time for the 
reaction mixture between dextran 5000 and phenol sulfuric acid reagents 
Reaction time ‘ ~ “ 
(hour) Absorbance Mean S.D. 
0 0.2286 0.2278 0.2272 o M l 
0.5 0.2338 0.2338 0.2344 0.2340 0,0003 
1 0.2503 0.2501 0.2506 0.2503 0.0003 
2 0.2617 0.2618 0.2619 0.2618 0.0001 
3 0.2687 0.2688 0.2689 0.2688 0.0001 
4 0.2740 0.2744 0.2745 0.2743 0.0002 
5 0.2773 0.2773 0.2781 0.2775 0.0005 
6 0.2789 0.2790 0.2793 0.2790 0.0002 
7 0.2795 0.2795 0.2796 0.2795 0.0000 
8 0.2798 0.2799 0.2799 0.2799 0.0001 
9 0.2803 0.2801 0.2799 0.2801 0.0002 



























































































































































A summary of the dependence of visible absorbance at 490 n m on dextran 5000 
loading using phenol sulfuric acid assay 
Dilute times Amount of carbohydrate (// g) Absorbance at 490 nm  
(triplicate) 
2 90 0.754 
3 60 0.571 
4 45 0.426 
10 18 0.192 
20 9 0.0868 
50 3.6 ‘ 0.0658 
100 1.8 0.0547 












































































































































































































































































































carbohydrates were found in fractions 11 and 12. The carbohydrates content 
increases rapidly to a maximum at fractions 14 and decreases slowly with the 
fraction number. Beyond fractions 31, very small amount of carbohydrates were 
found. 
4.3.5 M W and M W D of water-insoluble polysaccharides extracted from 
Ganoderma Lucidum 
In order to reconstruct the molecular weight profile for the crude water-insoluble 
polysaccharide extract, it was necessary to convert the relative absorbance values of 
these polysaccharide fractions into their relative abundances (i.e. in terms of number 
of molecules or number of moles of molecules). Since absorbance is a 
weight-average property which depends on both the number and the size of the 
molecules, a mass-dependent conversion factor is needed. From the MADLI results 
obtained in section 4.3.3，the average molecular weight for each polysaccharide 
fraction could be obtained, either by implicit MALDI measurements or by 
extrapolation from the calibration equation. Knowing the mass of each oligomer 
residue (i.e. 162 Da), the relative number of polysaccharide molecules in these GPC 
fractions could be calculated using the equation 4.1, as shown: 
1162 J 
[4.1] 
where Ni is the relative number polysaccharide molecules for fraction /•，A, is the UV 
absorbance at 490 nm of fraction /，and M„i is the number-average molecular mass of 
fraction /•• The relative abundance information for the various polysaccharide 
fractions was summarized in Table 4.2. After normalization against the highest 
abundance fraction，the relative abundance (arbitrary unit) was plotted against the 
number-average molecular weight information to form the reconstructed molecular 
weight profile. This profile is shown in Figure 4.10. From the reconstructed profile, 








































































































































































and polydispersity (P.D.) could be deduced using equations 2.6 - 2.8 and were found 
to be 5927, 6111, and 1.03, respectively. 
It is intriguing to note that the molecular weight and molecular weight distribution of 
the water-insoluble polysaccharides found in this project were significantly lower 
than the literature values [104]. There are several reasons for such measurement 
discrepancy. The Ganoderma Lucidum used in the present study might differ from 
the raw materials used by other researchers. It is well-known that the chemical 
constituents of Ganoderma Lucidum (or any plant) might vary substantially among 
different species. Even with the same speciation, specimens harvested at different 
seasons or stored for different duration might have distinctive differences in terms of 
their chemical profiles. In addition, many of the literature reported values were 
obtained using analytical methods that were susceptible to systematic errors. For 
instance, standalone gel permeation chromatography requires proper reference 
materials for calibration. To our knowledge, no such standard reference material was 
available for water-insoluble polysaccharides isolated from Ganoderma Lucidum. 
The use of other polysaccharide standards, such as dextran, might lead to large 
systematic error because of the strong dependence of the hydrodynamic volume of 
polysaccharide molecules on the structural parameters, such as inter-residue linkage, 
degree of cross-linkage, configuration and conformation. Considering the present 
analytical method, the most ambiguous step should be the delignification process 
associated with the hot ethanol rinsing [105]. Partial degradation of polysaccharides 
might occur. However, no clear-cut evidence was obtained. 
4.4 Conclusion 
In conclusion, a simple and effective extraction procedure was developed for the 
extraction of water-insoluble polysaccharides from Ganoderma Lucidum. The extract 
contained only neutral polysaccharides with no detectable protein and starch. The 
polysaccharides extracts could be mass-analyzed directly using matrix-assisted laser 
desorptioii/ionization (MALDI) method with DHB/NH4F as matrix. Using Sephedax 
G75 column, the crude polysaccharide was size-separated into 40 fractions using 
DMSO as eluant. The number-average molecular weight of these narrow distributed 
polysaccharide fractions were measured using MALDI method. Using 
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phenol-sulfuric acid assay, the relative carbohydrate contents for these DMSO 
fractions were quantified. With this information, the molecular weight profile of the 
original DMSO-soluble polysaccharide extract was reconstructed. The 
number-average molecular weight (Mn), weight-average molecular weight (Mw) and 





An extraction protocol was developed to extract the water-insoluble polysaccharides 
from Ganoderma Lucidium. This protocol involves (a) repeated rinsing of the 
homogeneized sample with hot ethanol; (b) removal of water-soluble polysaccharide 
components by repeated reflux of the ethanol-rinsed sample in deionized water; and 
(c) extraction of water-insoluble polysaccharides using warm DMSO solvent. The 
use of ethanol rinsing prior to the extraction process was critical for MALDI direct 
analysis of polysaccharide extract. Due presumably to some sorts of DMSO 
extractable constituents, such as lipids and other organic constituents, in Ganoderma 
Lucidium, no signal corresponding to the polysaccharide species could be acquired 
from the extracts obtained using the same extraction conditions but without ethanol 
rinsing. The water-insoluble polysaccharide obtained from the extraction process 
with DMSO under low temperature was protein free neutral polysaccharide. No 
desalting and de-proteination procedure were required. The polysaccharides obtained 
could be directly analyzed by MALDI-TOF-MS without further purification. This 
extraction process was simple and reasonable comparing to the conventional 
extraction methods. 
To optimize the MALDI experimental conditions for analysis of polysaccharides in 
DMSO, a systematic study was designed and conducted for the search of better 
matrix systems and sample preparation method protocols. Based on the results of 
MALDI analysis of polysaccharide standards of Dextran 12000 and Dextran 5000, 
two co-matrices of 2,5-DHB with IM NH4F and 2,5-DHB with 3-AQ (both in the 
mixture of DI water and acetonitrile) were developed. The co-matrix of 2,5-DHB 
with 1M NH4F at volume ratio of 9 was further proven to be superior for the analysis 
of crude water-insoluble polysaccharides extracted from Ganoderma Lucidium. 
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To alleviates the well-established mass discrimination problem associated with 
MADLI measurements for polydisperse polymers, the crude polysaccharide extract 
was size fractionated using gel permeation chromatography (GPC) into tens of 
narrowly distributed polysaccharide fractions. With MALDI-TOF-MS method, the 
molecular weights of some low-mass fractions of polysaccharides from GPC were 
measured and were used to calibrate the GPC elution time. The calibration curve 
between the /^(Mn) and the eluting time has a reasonable linearity with a regression 
coefficient of 0.993. The molecular weights of higher mass fractions were 
approximated using extrapolation. The relative carbohydrate contents of fractionated 
water-insoluble polysaccharide in DMSO were quantified using phenol-sulfuric acid 
assay. This method was found to have good linearity (R=0.997) and wide dynamic 
range from 1.8 ^ig/mL to 90 ixg/mL. Based on the carbohydrate content and the 
MALDI mass information of all GPC fractions, molecular weight profile of the crude 
water-insoluble polysaccharides was reconstructed. The number-averaged molecular 
weight (Mn), weight-averaged molecular weight (Mw), and polydispersity (P. D.) of 
the water-insoluble polysaccharide from Ganoderma Lucidium were found to be 
approximately 5900, 6100 and 1.03, respectively. The MW and MWD of the 
water-insoluble polysaccharide extracted from fruiting body of Ganoderma Lucidium 
using the current approach were much lower than the values obtained using other 
methods. However, direct comparison of the literature results with the current results 
are probably not appropriate because of the uncertainties associated with the 
Ganoderma Lucidium specimens. It has been known that the chemical composition 
of a plant changes with growing conditions (such as geographic location and soil 
properties), age and perhaps seasons. Sampling of different plants might lead to large 
variations in the polysaccharide distribution. Nevertheless, a plausible experimental 
reason for the low molecular weight distribution might be related to the extraction 
method. Even though DMSO has a rather strong penetration power, the extraction 
conditions used in the present study were quite mild. High-mass polysaccharide 
components might not be efficiently extracted. Anyways, further investigations are 
need to identify the cause(s) of these measurement discrepancies. 
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Reaction scheme of carbohydrate with phenol in phenol-sulfuric acid assay 
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